To characterize the pump function of the left atrium, we determined the instantaneous pressure-volume relation of the isolated supported left atrium. A physiologic after-loading system for the low-pressure atrium was created by coupling it to a real-time computer-simulated ventricle and a simulated venous impedance network via a volume servo-pump. In 10 atria loaded with such systems, multiple isochronal sets of pressure-volume data were collected from many ejecting or isovolumic contractions obtained under a constant inotropic state, and the time-varying elastance, E(t), as well as the volume-axis intercepts, V o (t), were calculated. E(t) is the ensemble of slopes, and V 0 (t), the volume-axis intercepts resulting from the linear regression of instantaneous pressure on instantaneous volume at multiple instants throughout the cardiac cycle. The systolic portion of the left atriai E(t) was insensitive to loading conditions, as was V 0 (t), which, in addition, proved to be similar to the right atriai and right ventricular V o (t) waveforms in its time dependence. These results indicate that E(t) and V o (t) adequately represent the instantaneous pressure-volume relation of the left atrium in systole irrespective of the mode of contraction. Whatever the underlying mechanism might be, the load insensitivity and similarity of the basic shape of the left atriai E(t) among different atria suggests that the characterization reflects fundamental features of left atriai contraction. (Circulation Research 1987;61:209-219) C haracterization of the atrium as a contracting chamber is difficult because its volume is difficult to measure. Previously, Lau et al 1 studied the isovolumically contracting right atrium in the isolated, perfused canine heart and found that the instantaneous right atriai pressure-volume relation could be characterized by a time-varying slope, E(t), and a time-dependent volume-axis intercept, V o (t), in much the same manner that the right ventricular 2 and left ventricular elastance properties 3 had been characterized. Lau found that for the right atrium, as is true for the right ventricle, 2 V 0 (t) could not be assumed to be constant throughout the cardiac cycle; this assumption has so far proved valid only for the left ventricle. 3 One limitation to the right atriai experiments, however, is that because of the extreme difficulty at that time to provide the isolated atrium with a physiologic afterload, the study was confined to isovolumic contractions. Consequently, the authors could not conclude whether the right atriai E(t) was dependent on loading conditions or, for that matter, whether such a characterization would be possible when such a flaccid, thin-walled structure as the atrium undergoes complex ejecting patterns.
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To characterize the pump function of the left atrium, we determined the instantaneous pressure-volume relation of the isolated supported left atrium. A physiologic after-loading system for the low-pressure atrium was created by coupling it to a real-time computer-simulated ventricle and a simulated venous impedance network via a volume servo-pump. In 10 atria loaded with such systems, multiple isochronal sets of pressure-volume data were collected from many ejecting or isovolumic contractions obtained under a constant inotropic state, and the time-varying elastance, E(t), as well as the volume-axis intercepts, V o (t), were calculated. E(t) is the ensemble of slopes, and V 0 (t), the volume-axis intercepts resulting from the linear regression of instantaneous pressure on instantaneous volume at multiple instants throughout the cardiac cycle. The systolic portion of the left atriai E(t) was insensitive to loading conditions, as was V 0 (t), which, in addition, proved to be similar to the right atriai and right ventricular V o (t) waveforms in its time dependence. These results indicate that E(t) and V o (t) adequately represent the instantaneous pressure-volume relation of the left atrium in systole irrespective of the mode of contraction. Whatever the underlying mechanism might be, the load insensitivity and similarity of the basic shape of the left atriai E(t) among different atria suggests that the characterization reflects fundamental features of left atriai contraction. (Circulation Research 1987;61:209-219) C haracterization of the atrium as a contracting chamber is difficult because its volume is difficult to measure. Previously, Lau et al 1 studied the isovolumically contracting right atrium in the isolated, perfused canine heart and found that the instantaneous right atriai pressure-volume relation could be characterized by a time-varying slope, E(t), and a time-dependent volume-axis intercept, V o (t), in much the same manner that the right ventricular 2 and left ventricular elastance properties 3 had been characterized. Lau found that for the right atrium, as is true for the right ventricle, 2 V 0 (t) could not be assumed to be constant throughout the cardiac cycle; this assumption has so far proved valid only for the left ventricle. 3 One limitation to the right atriai experiments, however, is that because of the extreme difficulty at that time to provide the isolated atrium with a physiologic afterload, the study was confined to isovolumic contractions. Consequently, the authors could not conclude whether the right atriai E(t) was dependent on loading conditions or, for that matter, whether such a characterization would be possible when such a flaccid, thin-walled structure as the atrium undergoes complex ejecting patterns.
In the present study, a computer-simulated physiologic afterloading system was used to overcome the technical difficulties in studying the instantaneous pressure-volume relation of the atrium during ejecting contractions. Specifically, our purpose was to determine whether the canine ejecting left atrium could be characterized by a time-varying elastance independent of loading conditions assuming the relation,
E^t ) = LAP(t)/[LAV(t)-V 0 (t)]
where E^t ) is the left atriai time-varying elastance, L AP(t) and L AV(t) are instantaneous left atriai pressure and volume, respectively, and V 0 (t) is the left atriai time-dependent V o .
Materials and Methods

Isolated Heart Preparation
Ten canine left atria were studied in an isolated, perfused heart preparation. For each experiment, a pair of mongrel dogs was anesthetized with 30 mg/kg i.v. pentobarbital sodium. The femoral arteries and veins of one dog, hereafter referred to as the support dog, were cannulated and connected to a perfusion system used to supply oxygenated blood to the isolated heart. The perfusion system consisted of a peristaltic pump, a heat exchanger, a depulsation chamber, and a blood filter ( Figure 1 ). Also, an oxygenator (not shown) was placed next to the support dog to serve temporarily as a backup source of oxygen during emergencies that could compromise the status of the support dog. The perfusion system and oxygenator were primed with one liter of a 1:1 mixture of saline to whole blood taken from the support dog. The chest of the second dog, the heart donor, was opened under artificial respiration and several cannulations were performed. The left subclavian artery was cannulated and connected with the arterial perfusion line for the coronary perfusion system; the right atrium was cannulated with a tube connected to the return line of the coronary perfusion system; and the brachiocephalic artery was cannulated FIGURE 1. Schematic representation of preparation. The isolated heart was inverted so that the fluid-filled balloon connected to the computer-controlled volume servo-pump system could be positioned inside the left atrium as shown. The isolated heart was perfused with blood maintained at 37°Cfrom a support dog. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
to monitor the coronary arterial pressure. The coronary perfusion pressure was maintained at 80 mm Hg by use of servo control. The azygous vein, superior and inferior vena cava, and descending aorta were ligated. As the final stage to isolating the heart from the donor dog, the lung hili were ligated. At no time was coronary blood flow interrupted.
The heart was removed from the donor and suspended over a large blood-collecting pan. The right atrial cannula was then removed, and the coronary venous return blood from the isolated heart flowed into the collecting pan through a short silastic vent placed in the bottom of the right ventricular lumen. A vent was also placed through the left ventricular apex to allow for drainage of blood originating from the Thebesian vessels. The blood in the collecting pan was returned to the support dog after passage through an air trap. The pulmonary veins were then isolated and separately ligated close to the left atrial wall. Next, the superficial coronary vessels descending along the left ventricular free wall were ligated. After the ligation, a portion of the left ventricular free wall was removed so that the mitral valve ring could be accessed from the ventricular side. The balloon connector was sewn to the mitral valve ring, and the entire preparation was inverted in order to achieve the positioning shown in Figure 1 . The hydrostatic pressure gradient existing from base to apex across the inverted, fluid-filled atrium in our experiments was on average 8 cm H 2 O. (Two of our early experiments showed that submersion of the atrium had no effect on the instantaneous pressure-volume relation; we, therefore, believed that inversion of the atrium created no geometric or mechanical distortion that would be significant to our results.) A thin balloon connected to the volume servo-pump was pulled into the atrial lumen and anchored near the atria! appendage by a purse string encircling a slit made previously. A vent also was inserted by way of the same slit to evacuate blood accumulating (as a result of the Thebesian flow) in the space between the atrial endocardium and the balloon. Finally, pacing wires were connected to the right atrium and EKG leads to the left atrial appendage. With this step, the surgical preparation was complete.
Servo-Pump Hardware
The performance specifications of the volume servopump system to which the isolated atrium in Figure 1 is coupled have been reported previously. 4 In brief, a linear motor (model 411, Ling Electronics, Herts, England) controls the piston position of a rollingdiaphragm cylinder (model SS-4-F-SM, Bellofram) that is connected to a thin latex balloon via a rigid, copper tube. The cylinder, the connecting tube, and the balloon are filled with water. A linear displacement transducer (model 244-000, Trans-Tek, Ellington, Conn.), one end of which is displaced back and forth with the piston, produces a signal that is proportional to the balloon volume. This instantaneous balloon volume signal is subtracted from a computer-calculated volume command signal (described below) to produce an error signal that is used to drive the linear motor by a power amplifier (DC-300 power amplifier. Crown, Elkhart, Ind.). It is important to note that since the connecting tube between the servo-pump and the mitral valve ring is rigid and since the water that fills the tube is incompressible, the connecting tube itself should contribute little to the actual loading conditions against which the atrium contracts. While the connecting tube does have some finite impedance, the volume servopump has more than adequate power to overcome this to deliver an instantaneous atrial volume in accordance with the volume command signal.
Impedance Loading System
The computer-calculated left atrial volume command signal for the servo-pump system is generated as a result of the interaction between instantaneous pressure measured in the real left atrium and a computer simulation of both the pulmonary venous circuit for left atrial filling (or preloading) and the pressure-volume dynamics of left ventricular contraction and relaxation. The instantaneous left atrial pressure was measured using a catheter tip pressure transducer (model 380, Millar, Houston, Tex.) placed inside the left atrial balloon. This pressure was input to a high-speed digital computer (model 8086/87, Intel, Santa Clara, Calif.) that is programmed to generate real-time solutions of the 6 differential equations (see "Appendix") required to perform the above simulation. The simulation is based on the model shown in Figure 2 The 2 diodes in this figure represent the mitral and aortic valves. The left atrial preloading circuit (Panel A) consists of a constant pulmonary source pressure, P v , and a four-element model of pulmonary venous impedance between the source pressure and the left atrium. The instantaneous pulmonary venous return is determined by the gradient between the source pressure and the pressure measured in the left atrium (at node 1) and by the impedance parameters. The instantaneous left atrial filling flow is calculated as the difference between instantaneous venous return and transmitral flow into the left ventricle. Note that the left atrial preloading circuit also contributes to left atrial afterload since the atrium can eject backwards due to the absence of a veno-atrial valve. The circuit for left atrial preloading, therefore, represents the model for left atrial upstream afterloading as well.
The left atrial downstream afterloading model (Panel B) is made of a simulated left ventricle that ejects into a three-element Windkessel model of aortic input impedance during systole and is coupled during diastole to the left atrium by way of an atrioventricular resistance, R AV , and inertance, L AV (see Figure 2 ). The left ventricle is simulated as a time-varying elastance such that it relates volume to pressure according to the equation:
where e(t) is '/2[l-cos(7T X t/T^)] for 0 < t < 2 x T^, and e(t) is 0 for 2 x T^ < t < T, and where Eî s maximum ventricular elastance, E,^ is minimum ventricular elastance, V(t) is instantaneous ventricular volume, V Omu is volume axis intercept of isochronal elastance line at T m^l , V M is volume-axis intercept of end-diastolic pressure-volume curve, T^, is time of E nBA , T is period of the cardiac cycle, e(t) is an elastance modifier that sinusoidally scales the elastance between E min and E^ in a time-dependent fashion, and P(t) is the resulting instantaneous left ventricular pressure. The heart was paced from the right atrium at a rate of 120-140 bpm. The pacing stimulus was coordinated with contraction of the simulated left ventricle according to an adjustable P-R interval.
Because of the presence of a diode that represents the mitral valve, filling of the simulated left ventricle begins to occur only when its pressure is exceeded by that of the left atrium. In fact, filling may continue even after the pressure gradient is reversed because of the inertia of blood represented by the atrioventricular inertance, L AV . The simulated ventricle contracts according to the elastance equations above, and ejection begins when its pressure exceeds that in the simulated aorta. Ventricular outflow is calculated by dividing the characteristic impedance, R,-, into the pressure difference between simulated left ventricular pressure (LVP) and peripheral arterial pressure, P P . (Referring to Figure 2 , LVP is measured at node 2, and P P at node 3.) "Peripheral runoff' occurs across the resistance, R, throughout the cardiac cycle. The pressure P P is determined by the instantaneous ratio of the amount of blood in the simulated arterial compliance to the magnitude of that compliance.
For the isolated left atrium, the calculated filling and ejecting flows are integrated every 3 msec, and the resultant updated, instantaneous left atrial volume signal is used to command the atrial volume servopump. The atrium may, therefore, be said to dynamically interact with its loading system in the sense that left atrial volume changes that should result from the difference between measured left atrial pressure and the pressures in the simulated preloading and afterloading circuit model at a given instant can be calculated by the digital computer in less than 3 msec. An additional convenience of this type of loading system is that the parameter values of the loading model could be accurately and reproducibly set from the keyboard since the impedance loading model is completely digital with no potentiometer-controlled amplifiers or any analog circuitry subject to drift.
The preloading model for the left atrium is based on findings from a preliminary study of ours in which systemic venous driving point impedance seen retrograde from its atrial junction was measured using the white noise approach described by Taylor. 3 Although the parameter values of the impedance model derived from the systemic venous port may be somewhat different from those of the pulmonary venous impedance, we have assumed that as a first approximation the model structure and parameter values (with the exception of C P , which was taken from the literature 6 ) are appropriate for the pulmonary venous impedance, too. This assumption was necessary since to our knowledge measurement of pulmonary venous driving point impedance has never been reported. The control values are as follows: R v and R p are 0.1 and 2.0 mm Hg sec/ml, respectively; Lp is 0.006 mm Hg sec 2 /ml, and C P is 2.4 ml/mm Hg. An interesting consequence of this type of model, assuming a physiologic range of parameter values, is that if atrial contraction is sufficiently fast, the atrium may see a high impedance when looking upstream toward the veins relative to the low downstream pathway offered by the diastolic ventricle across the mitral valve. This would suggest that atrial contraction may contribute more significantly to ventricular filling than would be possible without the inertia! characteristic of the retrograde venous impedance.
The control values for the atrioventricular parameters, R AV and L AV , were derived from original recordings obtained from Yellin et al. These recordings were similar to those presented in an earlier publication in which these investigators studied extensively the atrioventricular pressure-flow relations in the dog. 7 By implanting an electromagnetic flow probe in the perimeter of the mitral valve orifice, they were able to obtain instantaneous mitral flow simultaneously with instantaneous transmitral pressure. Values for atrioventricular resistance and inductance could be extrapolated assuming the relation:
where AP and Q are transmitral pressure and flow, respectively, and L AV and R AV are constants. R AV , the resistance, was on the average0.02 mm Hg sec/ml. L AV , the inertance, was approximately 0.002 mm Hg secVml.
The model for the left ventricle has been discussed. The parameter values for E^, E^, and T^ were chosen from the representative results of previous studies performed in our laboratories using the isolated heart preparation. 3 E,^, was found to be typically about 5 mm Hg/ml, E,,^ was 0.25 mm Hg/ml, and T^, was 180 msec.
Control parameter values for the Windkessel model of arterial impedance were decided as follows. The cardiac output of dogs used in our experiments was roughly 100 ml/min/kg body wt. 8 The average weight of the heart donor dog was 20 kg, which gives an average cardiac output of about 30 ml/sec. Since the mean arterial pressure of a heal thy dog is about 100 mm Hg, then the total arterial resistance (i.e., R^. + R) is about 3.3 mm Hg sec/ml. The characteristic impedance is known to be within 5-10% of total resistance. 9 "' 4 The normal R^. and R values were, therefore, set at 0.2 mm Hg sec/ml and 3.0 mm Hg sec/ml, respectively. Moreover, since the time constant of arterial pressure decay (RC A in the 3-element model) is about 1.1 seconds, 1314 the vascular compliance value C A was set at 0.4 ml/mm Hg.
Experimental Protocol and Data Analysis
LAP, LAV, LVP, and left ventricular volume (LVV) were recorded on a strip chart recorder (model 2800, Gould, Cleveland, Ohio); a sample tracing is presented in Figure 3 . In addition, the signals were digitized on-line at a sampling rate of 200 Hz and stored on magnetic media with the aid of a second computer (model 11/23, LSI) in order to facilitate later computer calculation of left atrial E(t) and V 0 (t) by least-squares linear regression.
To evaluate the effect of loading conditions on E(t), pressure-volume data over a range of preloads and afterloads had to be obtained. Preload changes were achieved by varying the pulmonary source pressure, P v , so as to cause the left atrial maximum developed pressure to vary evenly over a range usually between 5 and 40 mm Hg. This resulted in steady-state pressure-volume trajectories at 4 or 5 preload settings ( Figure 4A ). Once obtained, the isochronal pressurevolume points for the variably preloaded beats could be isochronally connected by regression lines, one regression line for each time increment after the onset of systole. These lines were calculated across the entire cardiac cycle. The ensemble of slopes of regression lines from beginning to end of the cardiac cycle constitutes the time-course of left atrial elastance, E(t), whereas the volume-axis intercepts of these same regression lines describe the function V o (t). E^ V Om<ul , and T^, are defined in the same manner as by Suga and Sagawa 3 for the ventricular elastance parameters.
We examined the effect of afterload by comparing E(t) under conditions of both physiologic ejection and isovolumic contraction. Although the atrium in vivo never experiences isovolumic contraction during any phase of the cardiac cycle, we believed these contraction modes represented maximally disparate afterloads, and therefore posed a stringent test for afterload sensitivity of the atrial pressure-volume relation.
Only 3 minutes were required to record the 8-10 loops of pressure-volume data necessary to analyze the sensitivity of E(t) to preload and afterload; however, it is conceivable that over the course of these minutes the contractile state of the atrium quickly changes due to some perturbation in the status of the support dog. Consequently, rather than first recording all of the variably preloaded pressure-volume data sets for iso- IflnhwiKoK^v olumic contractions and following this by recording data for the physiologically ejecting contractions, we alternately recorded steady-state ejecting and isovolumic data at each of the different preloads. Such a protocol would minimize the differences in isovolumic and ejecting E(t) waveforms due to spontaneous variations in the status of the support dog. Another precaution exercised in handling each of the 8-10 pressure-volume data sets was to record at least 4 cardiac cycles of each set of data; this practice made possible the calculation of an average pressure-volume trajectory. This representative trajectory minimized errors due to the investigator's limited ability to visually align the digitized pressure and volume signals with respect to the left atrial P-wave to mark the beginning of systole. Figure 3 shows a sample of strip chart recordings of LAP and LAV at a constant contractile state with the impedance-loaded atrium first contracting isovolumically (A) and then ejecting (B). The five channels are, from top to bottom: LAP measured inside the left atrial balloon, LVV computed by coupling measured LAP with the computer-simulated loading system, LVP likewise computed, measured LAV delivered to the isolated left atrium by way of the volume servo-pump system that responded to the volume command signal calculated from the real-time simulation, and the EKG recorded at the left atrial appendage. It is important to realize that the isolated atrium is coupled to the simulated loading system in such a way as to enable the volume signal to both determine and be determined by LAP, as is true in vivo. This contrasts the situation in which a volume signal is prescribed independently of instantaneous LAP and is forced into the isolated atrium where the resulting pressure is simply recorded.
Results
Time-Varying Elastance Characterization of the Left Atrium
Isovolumic left atrial pressure and volume signals of the sort shown in Figure 3A were plotted in the pressure-volume plane to produce atrial pressurevolume trajectories like those presented in Figure 4A . The data shown are from steady-state contractions at 5 preload settings all in a constant contractile state. Panel B shows the systolic course of the same isovolumic beats digitized such that pressure-volume data points presented are each separated by 10 msec for graphic simplicity, although in actuality all our calculations were performed every 5 msec. When it is recalled that time zero for each of the 5 pressure-volume trajectories is identified by the left atrial depolarization wave of the corresponding EKG signal, linear regression lines of isochronal pressure-volume data points on the multiple pressure-volume trajectories can be drawn as shown in Figure 4B and 4C. The slope of each regression line represents the elastance at that time with its extrapolated volume-axis intercept. Thus, the ensemble of regression lines in Panel B shows the increase in E(t) and the decrease in V 0 (t) as systole progresses. The elastance reaches a maximum, E^, at time, T^, before decreasing in diastole to its presystolic level as shown in Figure 4C . The value of V 0 (t) at time T^ is referred to as V 0-mM . These atrial elastance parameters (E™, T^, and V O i mi ) were all defined in the same manner as by Suga and Sagawa 3 for the ventricle. Figure 4D shows E(t) and V 0 (t) plotted as functions of time. The solid lines connect values for E(t) and V 0 (t) taken across the cardiac cycle at 5-msec intervals. For each of these values, 95% confidence limits of regression were calculated and plotted as a pair of dotted lines. Correlation coefficients for all regression lines from which E(t) and V 0 (t) values were calculated ranged between 0.99 and 0.999. The variably preloaded, isochronal pressure-volume data points are, therefore, well fit by a straight line throughout the cardiac cycle. This was also the case for Lau et al' for the isovolumically contracting right atrium.
Effect of Afterload on Time-Varying Elastance Characterization
The effect of afterload on the left atrial time-varying elastance was studied under tremendously disparate left atrial afterloading conditions: under infinitely large resistance to atrial emptying (achieved by digitally setting the volume command signal to a constant value) and under the finite physiologic afterload established by the model. Pressure and volume signals for the left atrium undergoing ejection under a preload and an afterload condition are shown in Figure 3B . Note the bimodal LAP tracing consisting of an A-wave, brought about by atrial contraction beginning with the sharp downward deflection of the EKG signal, and a V-wave that represents the passive charging and discharging of the atrium during the period of mitral valve closure and opening, respectively. There is no C-wave in Figure 3B because the mitral valve is modelled as a simple diode with no compliance properties; the mitral valve is, thus, incapable of ballooning back into the atrium secondary to LVP development. Figure 5A vs. LAV, i.e., pressure-volume diagram. This pressure-volume trajectory consists of two contiguous loops: the left loop that primarily reflects the active pump function of the left atrium and the right loop that reflects the atrial passive reservoir function. While the mitral valve is closed, the left atrium passively fills along the upper border of the right loop (labelled 1 in the figure) increasing both pressure and volume. When the mitral valve opens, there is passive discharge of atrial contents along the lower border of the same loop (2); this process represents the rapid filling phase of the left ventricle. After rapid filling, atrial contraction (3) forces ejection (3 and 4) of an additional fraction of atrial contents in much the same way that a ventricular chamber would eject, except that the atrium cannot have periods of isovolumic contraction and relaxation due to the absence of a veno-atrial valve.
The pressure-volume trajectory in Figure 5A was measured at one preloading condition in the same heart to which Figure 4 pertains. Similar data recorded under 4 other preloads were necessary to perform the time-varying elastance characterization presented in Panel B. Note the consistently high correlation coefficient for each regression line calculated throughout the cardiac cycle; again, r was always greater than 0.99. This is a rather interesting finding given the complex pattern of the left atrial pressure-volume trajectory. Note, however, that the overall shape of the ejecting E(t) curve shown in Figure 5B is different from that of the isovolumic one seen in Figure 4D . The ejecting E(t) curve is bimodal; the second peak is caused primarily by the increase in E(t) about the time for the V-wave of LAP. On the other hand, as far as the active contracting phase of atrial contraction is concerned, the systolic portions of E(t) and V 0 (t) curves for the isovolumic and ejecting atrium are practicallysuperimposable as illustrated in Figure 6 . For the ejecting waveforms (dashed lines) of the particular atrium presented, the mean values for E mu , T,^, and V Omju were 2.13 mm Hg/ml, 110 msec, and 7.7 ml, respectively, compared with the mean values of 2.10 mm Hg/ml, 130 msec, and 7.5 ml for the isovolumic E(t) (solid lines) of the same atrium. Table 1 summarizes the data obtained from 10 atria pertaining to the effect of mode of contraction on Em.*. V Oma ,, and T^ in a constant contractile state. There was no statistically significant difference by paired / test (assuming a 5% significance level) brought about in any of these parameters by change in the mode of contraction. We can, therefore, conclude that while the shape of the diastolic portion of the volume elastance curve is significantly affected by afterloading conditions, E^, T^,, and V OmM are all insensitive to afterload. The afterload insensitivity of E m and V amix is consistent with our previously reported studies showing an insensitivity of the left atrial, end-systolic, pressure-volume relation line to afterload." Similarly, the afterload insensitivity of T^ would be predicted from the results of Couttenye et al 16 who measured relaxation properties of mammalian atrial muscle and found the onset of relaxation to be relatively load independent.
Uniformity of Left Atrial Systolic E(t) Curve
To further examine the uniformity of the systolic portion of the left atrial E(t) curve, we compared 10 E(t) curves, one taken from each atrium, by averaging them after normalizing each curve with respect to its E,^ and T^ values. Corresponding V 0 (t) curves were similarly treated; these were each normalized to the maximum atrial volume occurring during the cardiac cycle to which each curve applied. Standard deviations were calculated for the averaged data and plotted as dotted lines in Figure 7 . The figure shows plots of both averaged normalized isovolumic (solid lines) and ejecting (broken lines) E(t) and V 0 (t) curves obtained under a constant contractile state; data from the two contraction modes are superimposed in the right panel. The two sets of curves are virtual ly the same except that the ejecting atrium was able to achieve a lower minimum elastance than the isovolumic one.
Discussion
We successfully determined the instantaneous pressure-volume relation of the ejecting atrium by overcoming the technical difficulties associated with the procedure. This was done by using an on-line computer to simulate physiologic afterloading and preloading. Namely, the isolated atrium was coupled to a real-time computer-simulated ventricle and pulmonary venous impedance network via a volume servo-pump, enabling us to control preloading and afterloading system parameters for physiologic ejecting as well as isovolumic contraction at various preloads. From data obtained under these conditions, we were able to examine whether the calculated time-varying elastance was sensitive to loading conditions. We found that within the scope of the present study, the systolic portion of the calculated timevarying elastance curve for the left atrium undergoing ejection or isovolumic contraction was insensitive to loading conditions, although the diastolic portion of the elastance curve varied with afterload. These results indicate that E(t) and V 0 (t) adequately represent the instantaneous pressure-volume relation of the left atrium in systole irrespective of loading conditions. Whatever the underlying mechanism might be, the load insensitivity and similarity of the basic shape of the left atrial systolic E(t) among different atria suggests that the characterization by E(t) reflects fundamental features of left atrial contraction. Moreover, the fact that such a characterization has been possible for the impedance-loaded left and right ventricles, as well as the atrium, strongly implicates features fundamental to cardiac chamber mechanics that are independent of is maximum ventricular elastance, T^, is time of V O n l u is volume-axis intercept at T,,^.
Iso. is isovolumic atrium, Ej. is ejecting atrium, p<0.05 (Student's / test).
Results are expressed as mean ± SD. Normal heart rate is 130 ± 13. n= 10.
differences in chamber geometry, wall thickness, and the complexity of ejection patterns that the different cardiac chambers undergo. This does not imply that muscle isolated from these chambers also must show afterload-insensitivity of their instantaneous forcelength relations; indeed, such does not appear to be the case. 17 Even for the whole ventricle, it must be acknowledged from previous studies that variable results are possible regarding the loading condition insensitivity of E(t) when the waveform is calculated from pressurevolume data obtained under certain nonphysiologic loading conditions, 18 " 21 such as from contractions ejecting against drastically different afterload resistances (e.g., infinitely large vs. subphysiologic) at a constant preload.' 820 We believe our preparation diminishes this possibility by allowing the atrium to eject under loading conditions as close to physiologic as possible.
One interesting difference between the atrial and ventricular E(t) curves is the value for T^. From the data shown in Table 1 , the mean value for the isovolumic left atrial T^ was 154 ± 45 msec. The Tv alue reported by Lau et al for the isovolumic right atrium was 83 ± 3.4 msec. In contrast, these values compare to 167 ± 15 for the left ventricle, 3 whereas Maughan et al presented a typical isovolumic right ventricular T^, value of approximately 280 msec. 2 Thus, it would seem that the atrial T^ is shorter than the ventricular T,^, although the possibility for small differences in the inotropic backgrounds among the various preparations must be acknowledged. This finding is expected in light of comparisons between isolated atrial and ventricular muscle undertaken by previous investigators. For example, Urthaler et al found that right atrial trabeculae achieved (with 1.25 mM Ca) similar magnitudes of developed and total stresses as ventricular muscle but in a much shorter period of time: 234 ± 23.1 msec for right atrial trabeculae, 469.2 ± 8.5 msec for right ventricular trabeculae. 22 Wikman-Coffelt et al did a similar comparison between atrial and ventricular trabeculae and found that the maximal stress was less in atrial muscle under conditions of normal calcium concentrations (2.5 mM), but the time to maximal stress was shorter in atrial muscle." Thus, while their reports varied on whether the atrial muscle could achieve stresses com- parable to those achieved by ventricular muscle, both investigators agreed on the shorter time to peak tension in atrial muscle as compared with ventricular muscle.
With respect to overall circulatory mechanics, a short atrial T,^ is consistent with the need for the atrial "kick" to boost ventricular filling during the fairly short period that is defined by the P-R interval. Moreover, as we suggested earlier, if our model structure for the pulmonary venous retrograde impedance based on the preliminary data is correct, rapid contraction of the left atrium would favor forward flow of ejected contents across the mitral valve because of the relatively higher impedance in the high-frequency range to flow back into the pulmonary venous network despite the absence of a veno-atrial valve.
Another interesting result of the present analysis is the considerable difference in the rate of relaxation depending on load as exemplified by Figure 6 . The rapid decrease in elastance of the left atrium after expulsion of its contents, a decrease that may be due to early deactivation (uncoupling), makes teleologic sense as it allows greater atrial storage of returning venous return blood with less diminution in the pressure gradient for venous return. This faster diastolic decay of E(t) in ejecting contraction relative to isovolumic contraction was observed in the left ventricle as well, though to a lesser extent. 3 Referring again to Figure 6 , notice the rebound in the diastolic elastance of the atrium undergoing ejection relative to the elastance of isovolumic contraction. Indeed, the ejecting elastance not only recovers to the level of isovolumic elastance but exceeds it for a period that roughly corresponds to the V-wave phase of atrial mechanical events. We do not know how to account for this rebound phenomenon, but clearly its presence is a semaphore of the inadequacy of the E(t) approach in completely describing atrial mechanical events.
The E(t) data in Figure 6 also indicate that the minimum left atrial elastance, E mln , is greater than 1.0 mm Hg/ml irrespective of the mode of contraction. This finding is typical for the 10 atria studied: the atrial E mm is relatively high compared with the left ventricular minimum elastance, which is usually about 0.25 mm Hg/ml.' This value is higher than would be expected for such a flaccid, thin-walled structure, but it has been discovered by previous investigators as well. 24 The teleologic advantage in having an atrium with a relatively stiff diastolic property might be difficult at first to perceive since a less stiff atrium would have greater capacity as a reservoir for storing pulmonary venous flow during the period of mitral valve closure and for rapidly discharging this integrated flow into the ventricle on valve opening. 25 However, one also must keep in mind that besides functioning as a pump and as a reservoir, the atrium serves as a conduit during the period of valve opening: simply a passage through which pulmonary venous flow is directed into the left ventricle. It is now easy to imagine that if the atrial diastolic stiffness is so low that the chamber continues to serve as an excellent reservoir even during valve opening, the contribution of the atrial conduit function to ventricular filling would be diminished since the reservoir would effectively "steal" pulmonary return flow that should be directed into the ventricle. This concept was validated on a quantitative basis by a model analysis of right atrial function by Lau et al. 26 Thus, what seems to be a relatively high left atrial diastolic elastance may be the value that optimizes the functioning of the atrium as a reservoir, pump, and conduit to maximize the filling of the left ventricle, which has a higher diastolic elastance than the right ventricle.
Moreover, it seems to be a feature of low-pressure cardiac chambers that their instantaneous pressurevolume relations, regardless of afterloading conditions, show a significant time-dependent leftward shift in V o during the systolic phase of the cardiac cycle. This finding in the present study of the left atrium has been reported previously by Lau et al for the right atrium 1 and Maughan et al for the right ventricle. 2 Although the left ventricle shows a time-dependent shift in V o as well, the variation is so minor that V o can be assumed to be a constant. 1719 The reason for this difference is unclear, but it is interesting to speculate that chambers not designed to eject blood by generat ing high pressures are able to compensate through timedependent leftward shifts in V o during systole.
The left atrial elastance properties are perhaps best summarized by the computer-generated pressurevolume-time surface shown in Figure 8 for a single atrium. Panel A presents the surface for isovolumic contraction (from the same data shown in Figure 4 ) and Panel B for ejecting contraction (from data used in Figure 5 ); both examples are from a single atrium. For either example, the intersection of the surface with the volume-time plane at 0 mm Hg pressure is V 0 (t), and the ensemble of slopes of the isochronal regression lines is E(t), which is linearly related to the curve formed from the intersection of the surface with the pressure-time plane at 20 ml volume. The two surfaces (Panels A and B), thus, characterize the instantaneous pressure-volume relation of the atrium undergoing isovolumic and ejecting contraction. The systolic portjons of the surfaces are superimposable.
In summary, because of our ability to use an on-line computer to simulate physiologic preloading and after- [6]
[7] [8] There are 6 state variables: 4 volumes (one for each of the compliance elements) and 2 flows (one for each inertial element). The symbols q P , q LV , q LA , and q A represent volumes in the compliance elements, and the symbols F^ and MiF represent flows through the two inertial elements.
The time-varying elastance property, E^t ) , is, of course, not simulated but rather provided by the actual isolated left atrium for which the instantaneous volume and pressure are accurately known. The left atrial pressure is, therefore, a necessary real-time A/D input into the assembler routine. The real-time D/A output from the assembler routine that controls the loading of the isolated atrium is the calculated left atrial volumecommand signal which drives the volume servo-pump. Pressures, volumes, and flows through any element of the analog circuit may be assigned to D/A ports as well for real-time observation of other variables of interest.
